Residual current operated circuit breakers without integral overcurrent protection should be back-up protected. As back-up protection devices, overcurrent circuit breakers are used. The maximum let-through energy and let-through current of the overcurrent devices were evaluated under laboratory conditions. The thermal and electrodynamic risk of residual current devices was analyzed.
Introduction
The short-circuit current capacity of a residual current operated circuit breaker, i.e. its immunity to thermal and electrodynamic effects of short-circuit current, depends mainly on whether the circuit breaker is provided with integral overcurrent protection, or not. Residual current breaking capacity of a residual current operated circuit breaker without integral overcurrent protection (RCCB) is low, not lower than 10 times its continuous rated current (but not lower than 500 A), so in practice it requires a back-up protection. Such a back-up protection shall also ensure that, when closed, the residual current operated circuit breaker can withstand thermal and electrodynamic effects of the fault current at a short-circuit between live conductors (L-L, L-N). Residual current breaking capacity of a residual current operated circuit breaker with integral overcurrent protection (RCBO) is comparable with that of an overcurrent circuit breaker. The manufacturer specifies the rated conditional short-circuit current, e.g. 6 kA (graphic symbol ), up to which back-up protection is not required. Also the type of characteristic is specified for such circuit breakers, like overcurrent circuit breakers, for example B16 [1, 2] . If a residual current operated circuit breaker without integral overcurrent protection (RCCB) is installed, as a rule a separate overcurrent protection has to be added (Fig. 1) . It is then necessary to check whether the applied overcurrent protection provides adequate back-up protection for the circuit breaker.
Requirements of relevant standards
The relevant standard [1] requires that RCCB circuit breakers withstand the peak currents i s and Joule integrals I2t specified in Tab. 1.
The Joule integral that a residual current operated circuit breaker withstands should not be lower than I 2 t w integral of the fuse or circuit breaker that provides its back-up protection. The withstood peak current should not be lower than the cut-off current i o of the back-up fuse or overcurrent circuit breaker. It can be concluded on the basis of Tab. 1 that a RCCB with rated continuous current I n = 25 A and rated conditional short-circuit current 6 kA should withstand peak current up to i s = 1.7 kA and Joule integral up to I2t = 3.7 kA2s. The values required by standard [1] seem to be quite low, and there is a risk of exceeding them, which can damage the RCCB. Manufacturers can deliver RCDs that withstand higher peak currents and Joule integrals than those shown in Tab. 1. They Fig. 1 . Circuits with residual current operated circuit breakers: a) RCCB with back-up fuse, b) RCCB with back-up overcurrent circuit breaker, c) RCBO that does not require back-up protection then specify the highest allowable initial short-circuit current at the RCD installation point and add a graphic fuse symbol if back-up protection is necessary (Tab. 2). It is therefore assumed that RCCB is back-up protected with a fuse, not with an overcurrent circuit breaker. In practice, the fuse is often replaced by an overcurrent circuit breaker, unfortunately, usually without performing necessary additional analyses. The fuse can be replaced with an overcurrent circuit breaker provided that it reduces the short-circuit current no more than the required fuse, and the overcurrent circuit breaker's Joule integral does not exceed the corresponding Joule integral of the fuse [3, 4] .
Overcurrent circuit breakers tests
To assess exposure of RCCB with overcurrent circuit breaker back-up protection, laboratory tests of cut-off currents and Joule integrals of selected overcurrent circuit breakers were carried out. Overcurrent circuit breakers with characteristics B, C and D were tested -a total of ten devices from three manufacturers. The test scope included recording of the foregoing parameters at short-circuit currents 1÷5 kA and short-circuit power factor cosφ = 0.4÷0.85 (depending on the short-circuit current). The test bench diagram is shown in Fig. 2 .
The bench consists of high current segment, which includes switchgear: disconnector OW, operating switch WR, shorting switch ZZ circuit, choke D, resistor R, high current transformer TW, and tested circuit breaker OB. The expected short-circuit current and test circuit parameters are adjusted by the control units, i.e. choke D and resistor R. The tested device current is measured using high-current shunt BW, and the voltage is measured using voltage divider DN. Current and voltage waveforms were recorded by Tektronix devices: TDS 5034B oscilloscope and A6907 optoisolator.
Each test of a selected overcurrent circuit breaker included a calibration test and a test of a pre-set short-circuit current breaking. The calibration test was aimed at determining the test circuit parameters, which shall allow obtaining the desired short-circuit current (root-mean-square value of the prospective short-circuit current including aperiodic component -I k and peak shortcircuit current -i p ). The test consisted of a metallic short circuit made with clamp Z installed in place of the tested overcurrent circuit breaker. Short-circuit phase angle Ψ Z was adjusted by phase controller NF. [1] , where: I n -rated continuous current of RCCB, I nc -rated conditional short-circuit current of RCCB, I Δc -rated conditional residual short-circuit current of RCCB
Graphic designation Designation description
Short-circuit current capacity 6 kA with back-up fuse gG with rated current I nb ≤ 63 A Short-circuit current capacity 6 kA with back-up fuse gG with rated current I nb ≤ 100 A Short-circuit current capacity 10 kA with back-up fuse gG with rated current I nb ≤ 63 A Tab. 2. Sample designations of RCCB short-circuit current capacity Switch-on angle Ψ Z of shorting switch ZZ was selected so as to obtain the highest possible peak current (current i p ), at a specific value of the prospective short-circuit current I k . The test duration t z was adjusted by time controller NC. For each circuit breaker three tests of breaking short-circuit current I k pre-set at the calibration test were performed. At each breaking test waveforms were recorded of the current switchedoff by the circuit breaker, and the voltage on its terminals. On the basis of the recorded waveforms cut-off current i o and Joule integral I2t w were determined. The Joule integral was calculated after the following formula:
( 1) where: t w short-circuit duration from its start until zero current. Sample waveforms of the short-circuit current switching-off by overcurrent circuit breakers are shown in Fig. 3 and 4. The area below i2 waveform (hatched area) equals Joule integral I2t w .
Analysis and evaluation of test results

Analysis and evaluation of test results vs. requirements of the relevant standard [1]
On the basis of the tests described in the previous section charts were plotted ( Fig. 5-7 ) of cut-off current i o and Joule integral I2t w as functions of prospective short-circuit current I k . Each chart contains a horizontal line, representing, according to Tab. 1, the maxima of peak current is and Joule integral I2t, which the residual current operated circuit breaker with no integral overcurrent protection, with the specified rated continuous current can withstand. Fig. 5 shows results of the tests of overcurrent circuit breakers B16, C16 and D20. These results were compared with the maximum peak currents and Joule integrals allowable for residual current operated circuit breakers with rated continuous currents I n = 16, 25 and 40 A. It follows from comparison of the cut-off current tests results for overcurrent circuit breakers B16 and C16 with the maximum peak current allowable for RCD with I n = 16 A (Fig. 5a ) that the proper coordination requirement is met only for prospective short-circuit current I k = 1 kA (cut-off currents of circuit breakers B16 and C16 do not exceed the value allowable for the RCD). Unfortunately, for this prospective shortcircuit current (I k = 1 kA) the maximum allowable Joule integral was exceeded. Thus, at current I k = 1 kA B16 and C16 circuit breakers do not back-up protect RCD with I n = 16 A, even if the rated continuous currents of the overcurrent circuit breaker and the RCD are the same. It is only slightly better in the case of RCD with I n = 25 A. RCD with I n = 40 A is back-up protected by circuit breaker B16 and C16 throughout the tested range of prospective short-circuit currents. Circuit breaker D20 is inadequate if the prospective short-circuit current reaches I k = 5 kA.
Also analyzed was the effectiveness of back-up protection of the same RCDs (I n = 16, 25, and 40 A) by overcurrent circuit breakers with rated continuous currents even lower than in Fig. 5 (I n = 10 A). It turns out that none of the overcurrent circuit breakers provides back-up protection for RCD with rated continuous current I n = 16 A. At the prospective short-circuit current I k = 1 kA Joule integrals I2t w of these overcurrent circuit breakers exceeds the maximum allowable for RCD with I n = 16 A (Fig. 6b) . Also problematic is back-up protection of RCD with I n = 25 A, and even I n = 40 A.
As regards the latter, at prospective short-circuit current I k = 5 kA, overcurrent circuit breaker D10 cannot be applied.
The tests of overcurrent circuit breakers B25, D40 and D50 (Fig. 7) showed that B25 provides back-up protection for all three tested RCDs (I n = 40, 63 and 80 A) when prospective short-circuit current is equal to I k = 1 ÷ 3 kA. The worst case is for circuit breaker D50 -at currents I k = 4 and 5 kA it does not provide effective back-up protection even for RCD with I n = 80 A. The maximum allowable Joule integrals are exceeded.
In view of the requirements of standard [1] , it may turn out that the rated continuous current of an overcurrent circuit breaker providing back-up protection for RCD will be much smaller than the other one. The smaller it is, the larger the prospective short circuit current will be, and this can lead to economically unjustified solutions.
Analysis and evaluation of test results vs. device manufacturers' specifications
Manufacturers can deliver RCDs that withstand higher peak currents and Joule integrals than specified in standard [1] . The RCDs are then designated as reported in Tab. 2. RCD with shortcircuit current capacity 6 kA if provided with back-up protection by a fuse with a gG fuse-link with rated current 63 A was analyzed.
According to standard [5] , the Joule integral of gG63 fuse element is I2t w = 21,200 A2s. It was found on the basis of catalogue data [6] that at prospective short-circuit current I k = 6 kA (the maximum allowable for the tested RCD) the fuse cut-off current is i o = 4.2 kA. Thus, RCD back-up protected by gG63 fuse will certainly withstand thermal (I2t w = 21,200 A2s) and electrodynamic (i o = 4.2 kA) exposures. Replacing the gG63 fuse with an overcurrent circuit breaker was considered. Fig. 8 is a graph of cut-off current and Joule integral of B-type overcurrent circuit breakers (manufacturer's specification) as functions of the prospective short-circuit current. In each graph a horizontal line is plotted, representing the foregoing parameters for gG63 fuse (gG fuse with the highest rated current that warrants RCD back-up protection). It follows from the graphs in Fig. 8 that at prospective shortcircuit current ca. I k = 4.2 kA, there are no restrictions in the use of B-type overcurrent circuit breakers. In place of the gG63 fuse a B-type overcurrent circuit breaker with rated current up to 63 A can be used. There are some restrictions at prospective short-circuit currents over I k = 4.2 kA; then the overcurrent circuit breake's rated current should be lower than 63 A.
Specified in Tab. 3 are cut-off currents i o and Joule integrals I2t w for selected overcurrent circuit breakers at prospective shortcircuit current I k = 5 kA. Marked with the gray background are values higher than for gG63 fuse. At short-circuit current I k = 5 kA B-type circuit breakers are suitable with rated currents not higher than I n = 32 A [7] . At I k = 6 kA these will be circuit breakers with rated currents not higher than I n = 20 A (Fig. 8 ). If such a circuit breaker back-up protects a RCD with rated current, for example, I n = 63 A, it will not allow fully utilising its rated continuous current capacity.
Comparison of overcurrent circuit breakers with the same rated continuous current (Tab. 3), but different characteristics (B, C or D), shows that thermal and electrodynamic exposure is the largest with D-type circuit breakers.
Final conclusions
The studies and analyses show that the replacement of a fuse with an overcurrent circuit breaker as back-up protection of a residual current operated circuit breaker without integral overcurrent protection in each case should be preceded by a thorough analysis. The use of an overcurrent circuit breaker with the same continuous current rating as that of the replaced fuse does not warrant proper coordination. At a relatively high prospective short-circuit current even an overcurrent circuit breaker rated significantly less than the replaced fuse can contribute to damage of the back-up protected RCD. Proper coordination is hampered by the fact that many overcurrent circuit breaker manufacturers do not provide cut-off current characteristics. Therefore, assessment of the respective exposure is difficult without additional laboratory tests. I k = 4,2 kA występują ograniczenia, wówczas
